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North Dakota lignite,

(-1*5" x 1") in size and

having 35 percent initial moisture content, was steam
dried by the Fleissner process at elevated temperatures
and pressures.

The reduction in moisture content of

lignite was investigated as a function of the residence
time and the drying temperature.

The residence time

was varied from 10 to 30 minutes and the drying
temperature from 220° to 270°C.
It was determined that decrease in moisture content
was independent of drying times longer than 20 minutes
and drying temperatures below 250°C.

The reduction in

moisture content increased at higher temperatures.

It

varied from 45 to 73 percent for varying conditions.
The linear shrinkage of lignite was observed to be
between 10 and 15 percent.

Steam dried lignite did not

significantly reabsorb moisture.
vent gas were analyzed.
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ABSTRACT

North Dakota lignite,

(,-lV x 1") in size and

having 35 percent initial moisture content, was
steam dried by the Fleissner process at elevated
temperatures and pressures.

The reduction in

moisture content of lignite was investigated as a
function of the residence time and the drying
temperature.

The residence time was varied from

10 to 30 minutes and the drying temperature from
220° to 270°C.
It was determined that decrease in moisture
content was independent of drying times longer than
20 minutes and drying temperatures below 250°C.
The reduction in moisture content increased at higher
temperatures.

It varied from 45 to 73 percent for

varying conditions.

The linear shrinkage of lignite

was observed to be between 10 and 15 percent.

Steam

dried lignite did not significantly reabsorb moisture.
Residual water and vent gas were analyzed.
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CHAPTER I

INTRODUCTION
Oil

and natural gas currently satisfy almost 60

percent of the world’s energy demand (1)."^

This share

is even higher in some industrialized nations.

There are

indications that the usage of oil, and gas may rise in
the future increasing the dependency of these nations
on oil

and natural gas imports.

The dwindling supply of these conventional fuels,
and the increasing awareness thereof, has prompted an
urgent need that alternate fuel technology must be
developed.

Coal is the most plentiful fossil fuel

resource available in the United States

and should be

considered as an energy resource for future use.
it should be noted

that

Also,

North Dakota has lignite

resources exceeding about 350 billion tons amounting
to about 22 percent of the total coal reserves in the
United States (2,3).
The technology of coal gasification is in an
advanced state.

The process is being tested on a

^Numbers in parentheses refer to items in the List of
References at the end of this paper.
-1-
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commercial scale, in the United States, for use with
combined cycle gas and steam power generation plant (4).
However, the high moisture content of lignite leads to
problems in a gasification process.

In a Lurgi gasifier,

water in the feed coal ends up in the aqueous effluent.
Hence undried lignite would generate enormous quantities
of liquid effluent to handle.

The feed to a Texaco

gasifier is coal as a slurry in water, and the water
content of lignite is too high for the gasifier reactions
to be sustained.

Lignite, therefore, has to be dried

before it can be used in the Texaco gasifier.
Lignite is not transported over long distance at
present

because of its high moisture content.

often used in mine-mouth power plants.

It is

A drying step

at the mine may make transporting lignite economically
more attractive.
Different drying methods are used for drying
lignite; most of them are based on evaporating water
by application of heat.

These processes need approxi

mately 1000 Btu of heat per pound of water removed making
the processes economically less attractive.

The Fleissner

drying process removes moisture from lignite as a liquid
rather than in a vapor form, and hence needs less energy.
This investigation is aimed at studying dewatering
(drying) of North Dakota lignite using saturated steam
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at. elevated temperatures, and pressures, as the drying
medium.

The reduction in moisture content was

investigated as a function of steam temperature
residence time of lignite at this temperature.

and
The

reabsorption of moisture by dried lignite and shrinkage
were also examined as functions of parameters mentioned
above.

Residual water was analyzed to identify its

constituents and determine approximate levels of these.
The process of steam drying may be found to be
energy economical

if energy recovery is practiced.

Lignite can be dried in a series of pressure vessels
using the blowdown from one vessel to heat the charge
in a previous stage.

C H A P T E R II

OVERVIEW OF STEAM DRYING OF LIGNITE
2.0

General
In steam drying of lignite by the Fleissner process,

lignite is exposed to saturated steam at elevated
temperature at corresponding saturated pressure .

A

Fleissner steam drying cycle in the laboratory typically
consists of:
1. charging the autoclave with lignite and
water so that they are not in physical contact,
2.

heating to drying temperature,

3.

maintaining the charge at the drying
temperature for the length of residence time,
so that lignite is exposed to saturated
steam,

4.

cooling to room temperature,

5.

discharging the autoclave and cleaning.

Water is expelled from lignite during steps 2, 3,
and 4.

In step 4, the pressure in the autoclave drops

to almost atmospheric pressure from the drying pressure,
and water expulsion from lignite occurs by flashing.
addition to reduction in water content of the lignite,

-4-

In

-5-

the drying process brings about changes in the properties
of lignite, increasing its heating value as well.
2.1

Previous Experimental Work
Motivated to produce a stable coal lump for

transportation, Fleissner developed the process of steam
drying in the 1920s (5,6).

He proposed that uneven

shrinkage of a coal lump during air drying resulted in
disintegration of the lump.

He further reasoned that

this degradation would be minimized if coal was dried
using saturated steam under pressure.

The process

would ensure uniform heating of the coal lump and
uniform moisture release.

Since Fleissner developed the

process in the 1920s, there seemsto have been no signif
icant changes in the process.

Most of the data available

in the literature is drawn from pilot plant operation.
Klein (7) has proposed various reasons for the
effectiveness of steam drying, when evaporation of water
is impossible.
1.

These are as follows:

Moisture is forced from the pores during heating
due to differential thermal expansion of lignite
and water.

2.

Lignite shrinkage expels

surplus water from

contracting pores.
3.

Surface modification due to chemical reaction
results in a lignite surface less able to bind
water.

-6-

4.

Reduced water viscosity at higher temperatures
allows water to run freely from lignite.

5.

Evolved carbon dioxide sweeps water out of the
pores.

Lavine et al. (8) subjected North Dakota lignites
to a Fleissner drying cycle, and found that the lignite
could be dried using saturated steam at pressures up to
15 atmospheres.

A reduction in moisture content of

lignite from 36 to 16 percent was accomplished.
also found

that

They

dried lignite had better weathering

properties, and its rate of oxidation did not increase.
Gordon et al. (9) studied the sorption of water
vapor by steam dried lignite as well as by lignite air
dried

at various relative humidities at 20° and 50°C.

They found that lignite could be successfully dried
by controlling the humidity at a temperature high enouqh
to modify the structure of the material.

The method

was found to yield a product inferior to original lignite
because particle degradation accompanied the drying.
Cooley and Lavine (10) dried North Dakota lignites
in an oil-steam atmosphere at pressures of 13 and 15
atmospheres.

They found that the lignite dried in an

oil-stream atmosphere was superior to steam dried lignite.
Twelve different oils were used.
Harrington et al. (11) steam dried North Dakota
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lignites and found that once the process temperature
is attained by the lignite, no extra water is
removed.

They also found that, at 230°C

the extent of

water removal from small lumps was greater than that
from larger lumps.
Oppelt et al. (12) subjected North Dakota lignites
to steam drying cycles at 200 to 370 psia and confirmed
the findings of Harrington et al. (11).
They also found that moisture removal was a function of
properties of the lignite —

mainly its structure —

and the processing temperature.
Kube (13) studied the influence of thermal treatment
and type of lignite on sorption of water vapor by dried
North Dakota lignite.

He found that higher drying

temperatures decrease the ability of lignite to assimilate
water vapor.
Experiments conducted by Oppelt et al. (14) on
steam drying of North Dakota lignites at pressures from
400 to 1500 psia are significant in this review.

They

showed that saturated steam pressure has no significant
effect on the extent of water removal from lignite.
Bainbridge and Satchwell (15) steam dried Victorian
brown coal from Latrobe and Yallourn seams in Australia.
They used steam at 220°C and residence times of 10 and 40
minutes.

This study showed a reduction in moisture content

of Yallourn coal from 67 to 10.7 percent (wet basis),
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Latrobe coal showed a reduction from 49 to 27 percent
in its moisture content.

Coal was found to possess

improved weathering properties on drying.
Evans and Siemon (16) dried Yallourn coal from
Australia under pressure in nitrogen, mineral oil and
water.

The brown coal, as mined, contained 67 percent

moisture and about 40 percent of this moisture was
removed at 190°C.

It is reported that reduction in

moisture was greater when using nitrogen and mineral
oil

than when water was used as the treatment medium.
The mechanism of a process for removal of water

from Australian soft brown coals has been investigated
by Murray and Evans (17).

Yallourn and Morwell brown

coals from Victoria were heated in water under pressure
to temperatures of 150 to 300°C.

The study reports

that the removal of water is initiated principally by
a disruption of the coal/water interactions caused by
the thermal destruction of functional groups.

The

process is then completed by expulsion of water by
the carbon dioxide evolved and by changes in the surface
wettability and shrinkage of the coal gel.

At

temperatures of 250-300°C, they report removal of
approximately 75 percent of water initially present in
coal.
Evans (18) studied shrinkage of cylinders of Yallourn
brown coal from Australia, and found that water removal
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from small capillaries leads to pore collapse
does not change the porosity of the coal.

but

Further

removal of water from the gel leads to strengthening
of the hydrogen-bond bridges causing the open gel
structure to collapse
large shrinkages.

and leading to disproportionately

Additional loss of water does not

add to shrinkage, and he suggests that any added loss
of water may eventually lead to swelling due to
increased porosity.
Stanmore and Boyd (19) have reported some physical
properties of moist and dewatered Victorian brown coal.
A mathematical model for heat transfer within and water
removal from a long radially
was proposed.

shrinking coal cylinder

This model for drying as a heat transfer

limited process involved an equation for unsteady
state heat transfer and was experimentally tested.
Mitrovic (20) has described the Fleissner drying
operations and effluent water analyses for Yugoslavian
brown coal for three steam drying plants in Yogoslavia.
Janusch and Kaufmann (21) have compared the
operations of an experimental autoclave for Austrian
brown coal.

The study reports the effects of rate of

heating on drying, the evolution of CO2, and the energy
economy of the process.

The study covers drying

temperatures from 100° to 200°C.

CHAPTER 3

EXPERIMENTAL EQUIPMENT, PROCEDURE AND TEST METHODS
3.1

Experimental Set-up
A sketch of the autoclave is presented in Figure

1.

2

The autoclave had an internal diameter of 5 in.

and depth, of 12 in. with a capacity of one gallon.
It was rated at 5500 psi.
The unit was supplied with a detachable head
which could be fitted to the base with 10 bolts
torqued to a uniform pressure for sealing purposes.
This unit was installed inside an electric heater
having 3 rheostats for adjusting the rate of heating.
A Leeds and Northrop temperature recorder was
used for recording internal temperature of the autoclave
and heater temperature.

Internal pressure was measured

on a pressure indicator. A vent was provided to
collect gas samples.
An open basket, 2 in. diameter and 8 in. high,
was used to charge the lignite.

It had a perforated

bottom to allow condensate to pass through.

The basket

was supported by a hexagonal nut screwed onto the
2

Key to abbreviations can be found in
Appendix 6.
-10-

LEGEND
PI = PRESSURE INDICATOR

FIGURE-1- TEST AUTOCLAVE
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central shaft at the center of the autoclave.

3.2

Operational Procedure
About 80 to 100 g of (-1V x 1")3 lignite lumps

were weighed accurately.

The size and shape of the

lumps, parallel to the bedding plane,were recorded.
The lumps were charged in the basket.
The amount of water required to maintain saturated
steam at the experimental conditions was calculated
following the procedure outlined in Appendix 1. About
60 to 80 g of demineralized water in excess of the
required amount was charged in the bottom of the auto
clave as shown in Figure 1.

The autoclave was sealed

following the procedure outlined in Appendix 2.
Electrical power was supplied to the heaters
desired temperature was reached.

until

This temperature was

maintained for a predetermined length of time.

The

autoclave was then allowed to cool overnight to room
temperature.

A residual gas pressure was always observed

in the autoclave on cooling.

3

A gas sample was collected

(-1V x 1") = lump sizes passing through a 1% in.
screen, but not passing through a 1 in. screen.

-

3. 3

-

from the vents and was analyzed for CO, C02 , H2, N2 '
H2S, CH^, C2H4, C2Hg,

, C^Hg and i- and n- C4H^q *

For discharging the autoclave, all the bolts were
unscrewed, and the head of the autoclave taken off,
taking care not to let any water that was sticking
to the head drip on the lignite lumps in the basket.
The dried lignite lumps were removed and weighed.
The size and shape of each lump parallel to the bedding
plane were noted.

The lignite was analyzed for moisture,

sulfur, ash, and acid groups.
analyzed

The ash was further

for aluminum, calcium, iron, magnesium,

potassium and sodium.

The residual water from the

autoclave was filtered, its pH was measured and it was
analyzed for alkalinity, ammonia, sulfur, and sulfide
content, percent suspended solids and organic as well
as inorganic carbon.
3.3
3.3.1

Test Methods
Gas Analysis
Gas samples were analyzed for CO, C02 ,

, N2 , H2S,

CH4, C2H4, C2Hg, CgHg, CgHg, and i- as well as n-C4H1Q.
An automated HP 5830A gas chromatogph, with thermal
conductivity detectors, was used for the analyses.
The instrument was equipped with a % in. by 8 ft. Porpak
Q column and used helium with 7 percent hydrogen as the
carrier gas.
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3.3.2

Residual Water Analysis
An Orion 901 pH meter equipped with a glass

electrode and an automatic temperature compensator was
used to measure pH of residual water.

The instrument

was calibrated at pH 4 and pH 10 using standard buffer
solutions.

Alkalinity was determined using a standard

solution of hydrochloric acid.

Kjeldahl distillation

and titrations were used to determine ammonia.

Total

sulfur was determined using a Leco 532 automatic
titrator.

Water was analyzed for sulfide by titration

against standard Pb(C10^)2 solution using an Orion 901
pH/mv meter with an Orion 94-16 specific sulfide ion
electrode accessory.

Phenol and o-,m-,p-Cresols were

determined using a Varian 1400 gas chromatograph with a
flame ionization detector.
3.3.3

Analysis of Lignite
Standard

ASTM procedures (22,23) were used for

analyzing original and dried lignite for moisture and ash.
The ash was analyzed for the inorganic components
using atomic absorption spectroscopy.

A 0.1 g sample

of ash and 0.6 g of LiB02 were weighed, mixed in a
graphite crucible and heated to 975°C.

A pellet formed

at this temperature after 15 mins, was allowed to cool
to room temperature, dissolved in a solution of concen
trated nitric acid and the solution was diluted to 100

-15-

ml with distilled water.
The solution was analyzed for aluminum, calcium,
iron, magnesium, potassium and sodium using a PerkinElmer model 303 atomic absorption sepectrophotometer,
equipped with Perkin-Elmer model 303 burner (24).
Lignite samples were analyzed for sulfur using a
Leco 532 automatic titrator.

The method consists of

burning 50 to 100 mg of ground lignite in a stream
of oxygen and titrating the product S02 by iodometry.
For carboxyl acid group determination, approximately
4 to 5 g of lignite were weighed accurately and reacted
for 24 hours with 50 ml of 0.5N Ba(OH)2 solution while
being stirred continuously.

The solution was then

vacuum filtered over a Buchner funnel.

The lignite

collected on the filter paper was washed free of
hydroxide ions using deionized water as indicated by
neutrality to a red litmus

paper.

A Corning 109 Digital

pH meter with temperature compensator was used to
titrate excess Ba(OH)2 against standard HC1. Milliequivalents of acid groups per g of dry lignite were
calculated following the procedure outlined in
Appendix 3.
3.3.4

Moisture Reabsorption by Dried Lignite
Some of the dried lignite samples were checked for

moisture reabsorption.

About. 1 g of ground lignite was
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stirred for 1 hour with 50 ml of water in an erlenmeyer
flask.
funnel.

The sample was then surface dried over a Buchner
The sample was analyzed for moisture before

and after reabsorption test using the standard ASTM
procedure.
3.3.5

Shrinkage
The size and shape of lignite lumps parallel to

the bedding plane before and after drying were compared
to find linear shrinkage.

Shrinkage was expressed as

percentage of original size.

C H A P T E R IV

EXPERIMENTAL CONDITIONS AND RESULTS
4.1

Test Lignite
The lignite used for tests was from the Velva

mines of the Consolidated Coal Mines, Inc., Velva,
North Dakota.

The proximate analysis of, 'as received,'

lignite is given in Table 1.
TABLE 1
PROXIMATE ANALYSIS OF ORIGINAL LIGNITE

Percent

Constituent

35.46

Moisture
Ash

4.13
60.41

Fixed carbon and
Volatile matter

100.00

TOTAL

The lignite contained 0.46 percent sulfur on a dry
ash free (daf) basis, and 4.139 milliequivalents (meq)
of acid groups per g of lignite on a dry basis.
The concentration of aluminum, calcium, iron,
magnesium, potassium and sodium in ash on a daf basis is
shown in Table 2.
-17-
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TABLE 2
ASH ANALYSIS

Constituent

4.2

percent, daf Lignite

Aluminum

0.41

Calcium

1.87

Iron

0.43

Magnesium

0.32

Potassium

0.02

Sodium

0.10

Test Conditions
Lignite lumps (-1-V x 1") in

size were dried

under saturated steam conditions in two series of tests.
The percent reduction in moisture content of dried
lignite was calculated following the procedure outlined
in Appendix 4.
The first series of experiments were run in order
to determine the effect of time at the drying temperature
on moisture removal.
residence times —

The drying was carried out at four

10, 15, 20, and 30 minutes -- and a

saturated steam temperature of 270°C corresponding to a
saturated steam pressure of 800 psia.

The analyses of

dried lignite, residual water, and gas samples are
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summarized in Tables 3, 4, and 5, respectively.
Material balance closures on lignite and residual water
presented in Tables 3 and 4, respectively, were
calculated following procedure outlined in Appendix 5.
In the second series of experiments, the effect of
saturated steam temperature on moisture removal was
studied.

The drying was carried out at 220°, 240°,

250°, 260°, and 270°C, and corresponding saturated
steam pressures, at a fixed residence time of 20 minutes.
The analyses of dried lignite, residual water and gas
samples are presented in Tables 6, 7, and 8, respectively.
Material balance closures on dried lignite and residual
water presented in Tables 6 and 7, respectively, were
calculated following the procedure outlined in
Appendix 5.
A blank experiment, where only water was charged
in the autoclave was conducted to determine losses of
water during the drying cycle, with material

transfers,

and due to adhesion to the walls and fittings of the
autoclave.

It was determined that 8 g of water could

not be accounted for.
assumed

This is the amount of water

lost in each drying run, and hence was added

to the amount of water left in the autoclave at the
end of each run.

TABLE-3
EFFECT OF RESIDENCE TIME ON DRIED LIGNITE

Temperature = 270°C
Pressure____ = 800 psia
Residence
Time
Mins

Initial
Water
%

Final
Water
%

Reduction Ash
in
(Dry
Moisture Basis)
%
%

10

35.56

15.86

65.87

5.36

15

35.56

14.69

68.79

6.66

S
%

*

*

*

Ca
%

*

Mg
%

★

A1
%

*

Na
%

K
%

0.35

0.080

-

0.75

-

-

-

0.19

0.086

-

1.93

-

-

-

Fe
%

*
Carboxyl
Acid
Groups
meq/g
Dry Coal

Linear
Shrinkage
%

Material
Balance
%
Lignite

4.345

14.40

96.45

-

-

95.24

20

35.56

13.20

72.44

6.61

0.37

0.130

0.023 1.61

0.37

0.44

0.27

4.203

12.25

102.56

30

35.56

14.05

70.37

5.87

0.17

0.007

0.015 1.65

0.38

0.27

0.21

3.390

14.05

102.10

*

= Reported as % of dry ash free lignite.

- = Not measured.

1
K>
0
1
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EFFECT OF RESIDENCE TIME ON EFFLUENT WATER
Temperature = 270°C
Pressure

Residence Time

= 800 psia

10

15

Color

Brown

Brown

Brown

Brown

PH

7.20

7.02

3.77

4.16

Alkalinity mg/1

759

1010

86

343

20

30

Minutes

Ammonia, mg/1
Sulfide mg/1

*

*
94

*
86

*

*

755

760

730

2170

790

725

45

5

5

*

Total sulfur mg/1

963

Total carbon mg/1

1671

Inorganic carbon
mg/1

227

Organic carbon
mg/1

1444

2125

785

720

Phenolic:Phenol
mg/1

89

335

-

-

0-Cresol mg/1

*

*

*

*

m-p-Cresols mg/1

★

*

*

*

Material Balance
percent water

96.40

99.35

99.66

88.47

* = not detected
- = not measured

2 2-

TABLE-5
EFFECT OF RESIDENCE TIME ON VENT GAS

Temperature = 270°C
Residence Time = 20 minutes

Constituent

H2
CM

25

CO
C02
h 2s
ch4

C2H4
C2H6
C3H6
C3H8
i-Butane
n-Butane
traces < 0.05 %

Percent
0.65
82.20
0.25
16.15
0.15
0.05
-

TABLE-6
EFFECT OF DRYING TEMPERATURE ON DRIED LIGNITE
Residence Time = 20 minutes

Mg
%

A1
%

Fe
%

1.44

0.30

0.35

0.20

4.48

-

80.83

-

0.17

3.80

13.60

88.59

-

-

0.29

3.46

14.28

87.99

-

-

4.19

14.85

108.56

4.20

12.25

102.56

220

336

25.64

16.11

44.30

5.85

0.40

0.140 0.0088

240

485

25.64

15.54

46.64

6.40

0.35

0.080 0.0090

-

-

250

577

25.64

15.84

45.41

6.70

0.41

0.009 0.013

-

260

680

25.64

11.39

62.72

5.01

0.22

0.100

-

270

800

35.56

13.20

72.44

6.61

0.37

0.130 0.023

= Reported as % of dry ash free lignite.

- = Not measured.

Na
%

Ca
%

Initial Final Reduction Ash
Water
Water
in
(Dry
Content Content Moisture Basis)
%
%
%
%

*

S
%

K

Drying Saturated
Temper Steam
ature
Pressure
psia
°C

%

-

1.61

0.37

0.44

0.27

Carboxyl Linear Material
Acid
Shrink Balance
Groups
age
%
meq/g dry
%
Lignite
lignite

TABLE-7

EFFECT OF DRYING TEMPERATURE ON EFFLUENT WATER
Residence Time = 20 minutes

Temperature
°C

220

240

250

260

270

Color
pH

Brown

Brown
4.80

Brown
4.74

Brown

120
40
*

100
50
*

Brown
3.77
*

385
260
5
255
*
*

645
385

0.004
0.200
96.14

Alkalinity, Mg/1
Ammonia, mg/1
Sulfide, mg/1
Total sulfur, mg/1
Total carbon, mg/1
Inorganic carbon, mg/1
Organic carbon, mg/1
Phenolic:Phenol, mg/1
o-Cresol, mg/1
m-p-Cresol, mg/1
% Suspended solids
% Dissolved solids
Material Balance
percent water
* = not detected;

4.70
120
45
★
455
240
10
230
*
*
0.012
0.240
86.91

- = not measured.

4.38
60
105
*

94
*

885
550
5
545
*
*

760
790
5
785
*
★

0.003
0.240

-

-

97.82

98.30

99.66

5
380
-

*
*
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TABLE-8

EFFECT OF TEMPERATURE ON VENT GAS
Drying Temperature = 260°C
Residence Time = 20 minutes

Constituent

Percent

0.60

H2
N2
CO

67.2

C02

31.6

0.25

*

°2
h 2s

•k

ch4

0.10
0.05

C2H4

-

C2H6
C3H6

0.05

C5H8

0.10

=

Not detected
Traces < 0.05

-26-

Two runs at 240°C and 260°C were made to check
the reproducibility of the results.

The results

of these runs are summarized in Table 9; the difference
in the percent reduction in moisture accomplished in
these replicates appears in the last column.
Results of moisture reabsorption by dried lignite
are presented in Table 10.

-27-

TABLE-9

REPRODUCIBILITY OF EXPERIMENTAL RESULTS
Residence Time = 20 minutes

Drying
Saturated
Temperature
Steam
Pressure
psia

Reduction in
Moisture %
Run 1

Difference in %
Reduction in
Moisture

Run 2

%

240

485

46.64

48.48

3.8

260

680

62.72

61.09

2.6

T A B L E - 10

REABSORPTION OF WATER BY STEAM DRIED LIGNITE

Steam Drying Conditions
Temperature
o^

Residence Time
Minutes

% 1^0 in
Dried
Lignite

% 1^0 in Dried
Lignite After
Moisture
Reabsorption

Moisture
Reabsorption

1
KJ
I

00

270

10

10.10

7.84

-22.37

270

15

7.61

9.29

+22.08

270

20

9.78

9.53

- 2.56

260

20

9.34

8.24

-11.78

250

20

11.87

9.30

-21.65

CHAPTER V

DISCUSSION OF RESULTS
5.0

General
The effects of drying temperature and residence

time on the properties of dried lignite are discussed.
The effect of pressure was not considered because it
has been shown to have little effect on the drying
process (14).

The results are analyzed for the

reduction in moisture content and for shrinkage as
well as for the reabsorption of water by the dried
lignite.
5.1

Reduction in Moisture
The percent reduction in water content of dried

lignite is plotted as a function of residence time
at a temperature of 270°C in Figure 2.

It can be

seen from this figure that the amount of water
removed does not change after 20 min. for the size of lig
nite particles used. A residence time of 20 min. at
elevated temperature, therefore, was deemed sufficient
to remove any time dependency from the results.
The effect of drying temperature on moisture
reduction is shown in Figure 3.
-29-

It appears that
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REDUCTION IN MOISTURE, percent

TEMPERATURE = 270 °C
PRESSURE = 800 psia

FIGURE-2- EFFECT OF RESIDENCE TIME ON PERCENT
REDUCTION IN MOISTURE

REDUCTION IN MOISTURE, percent
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DRYING TEMPERATURE, °C

FIGURE-3- EFFECT OF TEMPERATURE ON PERCENT
REDUCTION IN MOISTURE
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moisture reduction is constant at about 45 percent
up to 250°C.

At drying temperatures higher than

250°C, there is increased reduction in moisture
content of lignite.

This is probably due to

commencement of evolution of carbon dioxide in large
quantities at 250°C, though the evolution of carbon
dioxide starts at 185°C (17,21).

This is discussed

in greater detail in the next section.
5.2

Carbon Dioxide Evolution, Acid Groups and
Moisture Reduction
One of the reasons proposed by Klein (7) for

water removal is that evolved carbon dioxide pushes
ligand water ahead of it and out of the pores.

In

all the experiments conducted, the initial pressure
was atmospheric pressure.

However, it was observed

that the residual pressure in the autoclave at room
temperature after each experiment increased with
increasing drying temperature.

Almost no residual

pressure was observed for drying temperatures of 220°
and 240°C.

At 250°C, some residual pressure was

observed, but not enough to collect a sufficient gas
sample.

At drying temperatures higher than 250°C, the

residual pressure was large enough to collect gas
samples.

It is therefore appropriate to surmise that

at 250°C and above, carbon dioxide is evolved in

-33-

substantial quantities, the amount increasing with
the drying temperature.
It is this carbon dioxide evolved, which increases
the moisture reduction at drying temperatures higher
than 250°C.

Decarboxylation is more prominent at

higher temperatures, leading to a beneficial effect
on drying.

Figure 4 shows the concentration of acid

groups in both original, and dried lignite.

The graph

shows no significant decline in concentration of acid
groups such as would be expected from the earlier
discussion.

Lignite pores break down during steam

drying at conditions such as those covered in this
study.

The rate of pore collapse, perhaps, does not

increase as fast with temperature, as the rate of
decarboxylation.
A quantitative comparison of these rates is ruled
out because no studies of rate of pore collapse as a
function of temperature are known.

However, it appears

that the rate of decarboxylation and the consequent
evolution of carbon dioxide is greater than the rate
of pore collapse at higher temperatures.

Also the

threshold temperature for pore collapse may be lower
than that of decarboxylation.

These two phenomena

are unrelated in the sense that pore collapse is a
physical process, whereas decarboxylation is a chemical
reaction.

CONCENTRATION OF ACID GROUPS, meq/g DRY LIGNITE

-34-

RESIDENCE TIME = 20 minutes

o
Jtr~ ORIGINAL LIGNITE

o o

____ _
o
o

-----------!----------1---------- 1---------200

220

240

260

DRYING TEMPERATURE, °C

FIGURE-4- EFFECT OF TEMPERATURE ON CONCENTRATION OF
ACID GROUPS IN LIGNITE

\

280
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However, pore collapse results in a greater
accessibility of reaction sites for the measurement
of carboxyl acid groups,if the technique employed
for acid group measurement involves titrations.
Consequently, although steam drying may result in a
reduction in carboxyl acid concentration, the accompany
ing pore collapse would have a compensating effect in
exposing more carboxylic acid group sites, resulting
in data such as presented here.

Therefore, careful

quantitative measurements of rate of pore collapse
and the change in pore size distribution are necessary
before any firm conclusions could be drawn.

Neverthe

less, Figure 4 does indicate a decline in acid group
concentration upon drying the lignite

at temperatures

greater than 250°C (25).
5.3

Sulfur and Ash Content
There is some reduction in the sulfur content of

lignite due to steam drying as seen from graphs
plotted in Figures 5 and 6.

The lignite used for

the experiments was very low in sulfur and, therefore,
does not show a significant relationship between the
extent of decrease in sulfur content of lignite and
either the drying temperature or the residence time
at the drying temperature.

The relationship may have

been more conspicuous had a high sulfur lignite been
used.

SULFUR IN DAF LIGNITE, percent
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residence

TIME, minutes

FIGURE-5- EFFECT OF RESIDENCE TIME ON
SULFUR CONTENT OF LIGNITE

SULFUR IN DAF LIGNITE, percent
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drying

TEMPERATURE, °C

FIGURE-6- EFFECT OF TEMPERATURE ON
SULFUR CONTENT OF LIGNITE
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Figures 7 and 8 show the effects of residence
time

and temperature, respectively, on the ash content

of dried lignite on a dry basis.
other coal, is heterogeneous.

Lignite, like any

The composition of

lignite, therefore, varies from mine to mine
from seam to seam.

and

Extraneous factors such as soil

adhering to lignite would affect the ash content
and the composition of ash.

Any particular lump of

lignite could be dried only once.

The values of ash

content of dried lignite observed in this study lie
between 5 to 7 percent.

This variation could be

due to the heterogeneity of lignite.

It can be

concluded that the ash content of lignite is not
significantly altered by either the drying temperature
or the residence time.
Figures 9 and 10 show the concentrations of
calcium and sodium as functions of residence time.
It can be observed that there is little change in the
calcium and sodium content of lignite for different
values of the residence time.

Hence the change

apparent in calcium and sodium content of dried lignite
as functions of residence time should be ascribed to
the heterogeneous nature of lignite.
The concentration of iron in dried lignite is
plotted as a function of drying temperature in Figure

ASH IN DRY LIGNITE, percent
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residence

TIME, minutes

FIGURE-7- EFFECT OF RESIDENCE TIME ON
ASH CONTENT OF LIGNITE

IN DRY LIGNITE, percent

40-

FIGURE-8- EFFECT OF TEMPERATURE ON ASH CONTENT OF LIGNITE

CALCIUM IN DAF LIGNITE, percent
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residence

TIME, minutes

FIGURE-9- EFFECT OF RESIDENCE TIME ON CALCIUM
CONTENT OF LIGNITE
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0.15
TEMPERATURE = 270 °C
PRESSURE = 800 psia

o
•ORIGINAL LIGNITE
SODIUM IN DAF LIGNITE, percent

O.lCrCf^

o

0.05 *

10

—r-

—

20

30

RESIDENCE TIME, minutes
FIGURE-10- EFFECT OF RESIDENCE TIME ON SODIUM CONTENT
OF LIGNITE

40
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11.

Figures 12, 13 and 14 show the effect of drying

temperature on the concentration of magnesium,
potassium, and sodium,respectively.

In all of these

graphs, it could be observed that there is no
significant variation in the concentration of
constituents of ash with respect to the drying
temperature.
5.4

Shrinkage
Linear shrinkage was expressed as percentage of

original length.

Shrinkage is plotted as a function

of residence time in Figure 15.

It can be observed

that over the range of residence time covered in
this study, shrinkage does not vary much.

Figure 16

shows the effect of drying temperature on shrinkage.
The shrinkage does seem to increase with temperature,
except the anomalous datum point at 270°C.

Perhaps,

after 260°C the porosity of lignite starts increasing.
The water removed up to 260°C is probably accompanied
by the strengthening of the hydrogen bond bridges
causing the open gel structure to collapse.

Any

further loss of water from lignite would therefore
lead to swelling or reduced shrinkage as is evident
here (18) .
At moisture content of 16 g or less per 100 g of
dry lignite, the linkages between micelles weaken, and

-44■ORIGINAL LIGNITE
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FIGURE-11- EFFECT OF TEMPERATURE ON IRON CONTENT OF LIGNITE
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0.5
RESIDENCE TIME = 20 minutes
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MAGNESIUM IN DAF LIGNITE, percent
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FIGURE-12- EFFECT OF TEMPERATURE ON MAGNESIUM
OF LIGNITE
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O

ORIGINAL LIGNITE
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FIGURE-13- EFFECT OF TEMPERATURE ON POTASSIUM CONTENT
OF LIGNITE
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TEMPERATURE = 270 C
PRESSURE = 800 psia

LINEAR SHRINKAGE, percent of original size
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FIGURE-15- EFFECT OF RESIDENCE TIME ON LINEAR SHRINKAGE
OF DRIED LIGNITE

30

LINEAR SHRINKAGE, percent of original size
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DRYING TEMPERATURE, °C

FIGURE-16- EFFECT OF TEMPERATURE ON LINEAR SHRINKAGE
OF DRIED LIGNITE
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lead to negative shrinkages or swelling (18).

In the

experiments conducted in this study, at a drying
temperature of 260°C corresponding to approximately
60 percent reduction in moisture, the water content
of dried lignite dropped to about 13 g per 100 g of
dry lignite.

The drop in shrinkage, about 260°C in

Figure 16 and Figure 17, is therefore to be expected.
5.5

Reabsorption of Water
Figure 18 is a plot of percent moisture reabsorbed

as a function of residence time.

The graph shows an

increasing moisture reabsorption with longer residence
time.

Percent moisture reabsorbed as a function of

drying temperature is plotted in Figure 19.

This

graph also indicates an increase in moisture reabsorbed
with increasing drying temperature.
wettability on steam drying (17).

Lignite loses
This is evident

from the negative values of percent moisture
reabsorbed in Figures 18 and 19.

The negative values

of moisture reabsorption indicate additional removal
of water from lignite structure while being surface
dried.

This is because surface drying is a physical

operation.

Therefore the extent of surface drying

would be influenced by the volume of air contacted
with lignite per g of lignite, the surface area of
the lignite particles and the relative humidity of air.

LINEAR SHRINKAGE, percent of original size
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reduction

IN MOISTURE, percent

FIGURE-17- EFFECT OF REDUCTION IN MOISTURE ON
LINEAR SHRINKAGE OF DRIED LIGNITE

MOISTURE REABSORBED, percent
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residence

TIME, minutes

FIGURE-18- EFFECT OF RESIDENCE
TIME ON MOISTURE
REABSORPTION

FIGURE-19- EFFECT OF TEMPERATURE
ON MOISTURE
REABSORPTION
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These factors must lead to negative values of moisture
reabsorbed.
5.6

Residual Water
The effluent water would require treatment before

it could be discharged.

The pH of the residual water

decreases with longer residence time as well as increas
ing drying temperature.

The change in pH is maximum

between 250° and 260°C.

This indicates dissolution of

carbon dioxide evolved during drying in the residual
water.

Ammonia, total sulfur, organic and therefore

total carbon in the residual water increase with
increasing drying temperature.

Based on water

regulations (26), for a new coal preparation plant,
allowable levels of sulfur, total suspended solids,
and aluminum in the effluent water shall be decided
on a case by case basis.

Location of a plant could

play a significant role here.

Phenols will have to

be removed by an economic separation technique before
discharging the residual water.

C H A P T E R VI

CONCLUSIONS
Following conclusions are reached from this study:
1.

Twenty minutes is the best residence time
for (-1%" x 1")

lignite lumps, because this is

the time required for the whole lump to reach
constant temperature throughout.

Also moisture

reduction is independent of residence times
longer than 20 minutes.
2.

The reduction in moisture is constant for drying
temperatures from 220° to 250°C.

It increases

for drying temperatures greater than 250°C.
3.

Shrinkage of lumps on drying ranges between
10 to 15 percent of original size on a linear
basis.

4.

Insignificant changes occur in ash content and
constituents thereof, on steam drying the test
lignite.

5.

Steam dried lignite does not reabsorb moisture.

6.

Residual water from steam drying processes needs
treatment for acidity sulfur, phenol, and solids
removal before discharge.
-54-

APPENDIX 1

Calculation of Minimum Quantity of Water Required to
Maintain Saturated Steam at Predetermined Temperature.

Temperature

270°C

Volume of autoclave

1 U.S. gallon
0.1337 ft3

Specific Volume of steam at 270°C
lbs of steam required

0.5690 ft3/lb.
0.1337
0.5690
= 0.23497 lbs.

Grams of steam required

= 0.2349 x 454 g
= 106.67 g

Water loss in blank run

= 8 g

Minimum requirement of water

= 106.67 + 8
= 114.67 g
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APPENDIX 2

1

Sealing the Autoclave

Figure 20

illustrates the positions
of bolts on the head of
the autoclave.
Figure-20-

Position of Bolts on the
Head of the Autoclave

1.

Clean the autoclave, with a towel.

2.

Clean it with acetone.

3.

Grease the threads on bolts, so that there is
a thin film on threads.

4.

Charge water in the autoclave.

5.

Charge coal lumps in the basket.

6.

Insert sealing ring in its position.

7.

Rest the head of autoclave on the bottom piece.

8.

Insert bolts in their holes.

9.

Tighten bolts to 50 ft lbs using a torque wrench
in the following order:

1, 2, 8, 7, 10, 9,
3, 4, 5, 6.

10.

Repeat Step 9, increasing torque to 100, 130,
150 and 165 lbs.

-57-
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11.

Close vent.

12.

Raise heater.

APPENDIX 3

Calculation of Concentration of Acid Groups in Lignite

Data:

Steam drying conditions
Temperature

= 270°C

Residence time = 10 min.
Weight of flask = 53.2655 g
Weight of flask + lignite = 57.5970 g
% Moisure in lignite = 10.10 (separately
determined)
Ml of Ba(0H)2 added = 50
Concentration of BaCOH^ = 0.4545 N
Concentration of standard HC1 = 1.0181 N

pH

ml of HC1 added

11.81
11.64
11.40
11.31
11.08
10.51
9.75
6.73
4.39
3.60
3.13
2.79
2.46
2.29
2.13

0
2.0
3.6
3.8
4.5
5.1
5.3
5.7
6.0
6.4
7.0
8.0
10.0
12.0
15.0
-59-
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Calculations :

The data of pH titration are plotted
in Figure 21 giving a pH titration curve.

The parallelogram is completed in Figure 21 such that
one diagonal is the neutralization section of the pH
titration curve.

The intersection of the diagonals

of the parallelogram gives the neutralization point.
A value of 5.7 ml of 1.0181 N HC1 is found to complete
neutralization by dropping a perpendicular on x axis
from the neutralization point.
Weight of sample

=

weight of (flask + lignite)
- weight of flask

=

57.597 - 53.2655

=

4.3315 g

Weight of dry sample = weight of sample
x (1 - fraction of moisture
in sample)
= 4.3315 x (1-0.101)
= 3.894 g

ml of 1.0181 N HC1 required for neutralization from
Figure 21

= 5.7.

To find ml of 0.4545 N Ba(OH)2 = 5.7 ml of 1.0181 N HC1.
Using:

Normality x volume [BatOH^] = normality x volume
0.4545 x V Ba (OH)„

[HCl]
= 1.0181 x 5.7

-61-

1.0181 N HC1 ADDED, ml
FIGURE-21- pH TITRATION CURVE FOR DETERMINATION OF THE
CONCENTRATION OF ACID GOUPS IN LIGNITE
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Volume [Ba(OH)2] = 1.0181 x 5.7
0.4545
Volume of Ba(OH)2 in excess = 12.768 ml
Out of 50 ml of 0.4545 N Ba(OH)2 added, 12.768 was
excess.
Volume of 0.4545 N Ba(OH)2
groups

=

50 - 12.768 ml

-

37.23 ml.

used up by acid

Milliequivalents of Ba(OH)2 used up
=

37.23 x 0.4545

=

16.921 meg.

Weight of dry sample reacted:
-

3.894 g

Milliequivalents of acid/g
16.921
3.894
4.345 meq/g.

of dry lignite

APPENDIX 4

Calculation of Percent Reduction in Moisture
Content of Lignite on Drying.
Data:

Drying temperature = 270°C
Residence time

= 10 minutes

Moisture in original lignite = 35.56 percent
Moisture in dried lignite = 15.86 percent
Basis:

100 g of moisture free (mf) lignite.

Calculation:
Weight of moisture associated with 100 g of
original mf lignite =
100

moisture % in original lignite.
100

100 g

'

Substituting values from data gives weight of moisture
associated with 100 g of original mf lignite =
100
(1

35.56^

100 g

100
100

0.6444

=

100 g

I

55.12 g
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Similarly,
we i g h t of m o i s t u r e

associated with

100 g of

dried mf lignite,

100

100 g
moisture % in dried lignite
)
100

substituting values from data gives weight of moisture
associated with 100 g of dried mf lignite

100

100 g
(1 -

15.85^
100

=

II

18.85 g

- Percent reduction in moisture upon drying the lignite

=

Weight of moisture
Weight of moisture
associated with
associated with 100 g
100 g of dried mf
of original mf
lignite___________
lignite______________
weight of moisture associated with
100 g of original mf lignite.

x 100

Substitution of values from I, and II gives, percent
reduction in moisture upon drying the lignite
55.12 - 18.85
55.12
65.87

x 100

APPENDIX 5

Material Balance Closure Calculations on Lignite
and Water.

Data:

Drying temperature = 270°C
Residence time = 10 minutes
Weight of original lignite charged in the
autoclave = 108.28 g
Weight of dried lignite discharged from
the autoclave = 79.90 g
Weight of water charged in the autoclave = 207 g
Weight of water discharged from the
autoclave = 216 g
Moisture in original lignite = 35.56 percent
Moisture in dried lignite = 15.86 percent
Water loses in blank run = 8 g

Calculations:
1.

Material balance closure on mf lignite

Weight of mf lignite input = weight of original lignite
Moisture % in Original
charged in the autoclave x (1
_______lignite________
100

Substitution from data gives ,
weight of mf lignite input = 108.28 x (1- ^(fcT^ 9
= 69.77 g
-65-

___

I
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Similarly,
We i g h t of mf

lignite output = w e i g h t of d ried lignite

Moisture % in dried
______lignite______

discharged from the autoclave x

100

Substitution from data gives,
weight of mg lignite output = 79.9 x (1- 1

)

= 67.23 g

II

Material balance closure, percent
=

weight of mf lignite
________output_______
weight of mg lignite
input

Substitution from I and II gives:
Material balance closure, percent =

=
2.

^g'yly x 100

96.45

Material balance closure on water

Total water input = Water charged in the autoclave
+ water associated with original lignite
charged in the autoclave

....

Ill

Weight of water associated with original lignite
=

weight of lignite charged in the autoclave
x

^moisture % in original lignite^
100
IV
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Substitution from data gives:
Weight of w a t e r a ssociated with o r i g i n a l

=

lignite

108.28 x
100

=

38.5 g

....

IV

Substituting values from data, and IV in equation III
gives:

Total water input

=

207 + 38.5 g

=

245.5 g

.... V

Total water output = Water discharged from the autoclave
+ water associated with dried
lignite + water losses in blank
run
.... VI
Weight of water associated with dried lignite
weight of dried lignite discharged from
the autoclave x (moisture % in dried lignite)
100

Substitution from data gives:
Weight of water associated with dried lignite;
=
=

79.9 x (15-85-)
100
12.67 g

.... VII

Substitution from data, and VII in equation VI gives:
Total water output = 216 + 12.67 + 8 g
= 236.67 g

... VIII
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Material balance closure percent:

=

Weight of total
water output

. IX

weight of total
water input

Substitution of V, and VIII in equation IX gives :
Material balance closure, percent = 236.67
245.5

96.4

APPENDIX 6

KEY TO
ABBREVIATIONS

daf, DAF

=

dry ash free
gram/s

g

in.

=

lbs

inch/s
pounds

meq

=

milliequivalents

mf

=

moisture free

ml

=

milliliters

0

degrees

H

cubic feet

o
o
u

ft3

centigrade

i
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